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Partially oxidised boron nitride as a 2D
nanomaterial for nanofiltration applicationsy

Natalia Garcia Doménech, ©3° Aine Coogan, ©? Finn Purcell-Milton, & 2°°
Maria Luisa Casasin Garcia,? Adrian Sanz Arjona, &2 Marc Brunet Cabré,?
Aran Rafferty, @2 Kim McKelvey, ©9 Peter Dunne ©2 and Yurii K. Gun'ko & *2°

Boron nitride (BN) based 2D nanomaterials are an emerging class of materials for the development of new
membranes for nanofiltration applications. Here, we report the preparation, characterisation and testing of
highly promising nanofiltration membranes produced from partially oxidised BN (BNOx) 2D nanosheets. In
our work, the partial oxidation of BN was successfully achieved by heating the bulk h-BN powder in air at
1000 °C, resulting in BNOx product. The characterisation of the sample showed the presence of B-OH
groups corresponding to the partial oxidisation of the BN. The BNOx material was then exfoliated in
water and used to produce membranes, using vacuum filtration. These membranes were characterised
using electron microscopy, BET and mercury porosimetry techniques. The membranes have also been
tested in water purification and removal of several typical water-soluble dyes, demonstrating outstanding
retention values close to 100%. We believe that this research opens up new opportunities for further
production, as well as chemical functionalisation and modification of membranes for nanofiltration and

rsc.li/nanoscale-advances separation technologies.

1. Introduction

Access to clean water has become increasingly scarce in recent
years due to various factors, such as increasing population
density, urbanisation, and inequality, among others." The
development of new, inexpensive, and reliable methods for the
removal of various impurities and toxins from water is therefore
vital. In recent years, the emergence of nanofiltration (NF)
membranes has become an exciting prospect for water purifi-
cation. NF can be described as a type of filtration which exhibits
separation characteristics in between reverse osmosis and
ultrafiltration, and typically has molecular weight cut-offs in the
region of 200-1000 Daltons.>* Various nanomaterials have been
implemented in NF membranes, such as metal organic frame-
works (MOFs), metal oxide nanoparticles and nanotubes.*® NF
membranes based on 2D nanomaterials such as graphene and
boron nitride (BN) have attracted significant interest due to the
unique properties of 2D nanomaterials, most importantly their
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high surface-to-volume ratio, which leads to high adsorption
capacity. In particular, BN is an attractive candidate for use in
NF membranes as it is mechanically strong, inexpensive, and
environmentally friendly. BN-based membranes have been the
subject of numerous studies, with BN shown to be very effective
in the removal of several water pollutants, including various
dyes, that often can be leached into wastewater, from the textile
industry.”

Boron nitride (BN) is very stable, both chemically and ther-
mally, which can act as a barrier to its functionalisation, as
harsh chemical reactions are often needed. Due to the similar
characteristics of BN and graphene, the oxidation of BN as an
analogue to graphene oxide (GO) is an area of significant
interest. The main barrier to BN oxidation is its high thermal
resistance,' which means that the chemistry commonly used
for GO doesn't work for BN. However, the introduction of
oxygen in the BN structure is still under investigation."**

One of the potential approaches to change the properties of
hexagonal BN (h-BN) is to carry out elemental doping. Some
theoretical studies have suggested that oxygen may be able to
alter the properties of h-BN when acting as a dopant.*> Oxygen,
once inserted into the BN lattice, has the capability to decrease
the h-BN bandgap, making the material more conductive.">™** It
can also regulate molecular interactions*>'*'” and cause some
strong spontaneous magnetization."*** Some recent experi-
mental works have  supported these theoretical
simulations.'>**° There are several reports on the physical and
chemical effects that introducing oxygen has on the h-BN
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structure. The signature peak of h-BN in Raman has been
shown to broaden due to the oxidation of the material,*>**
indicating a possible change in the crystal domain size,
amorphization or disordering.’*** The improvement of the
production of BN nanosheets (BNNs) has been reported, due to
the oxidation of h-BN.">*> However, the exact mechanism of how
oxygen doping affects the exfoliation of h-BN is still poorly
understood. Furthermore, the addition of oxygen atoms could
cause a distortion to the structure of the h-BN sample.*>*°

When it comes down to experimental work, BNNs func-
tionalised with hydroxyl groups (OH-BNNs) can be obtained
using several different methods. Some of these methods
include heating bulk h-BN in air,">"* treating BN powder with
a hot solution of H,SO,/KMnO,™* or functionalisation by
oxygen radicals, followed by hydrolytic defunctionalisation.****
The surface energy of the BNNs, as well as their solubility in
various solvents, can be altered as a result of the introduction of
these OH groups.™ Hydroxyl groups, as they are very common in
nature, can interact with many different types of organic and
inorganic materials. Thus, BNNs exciting properties can be
further exploited by inserting OH groups to the structure.

One of the most effective and straightforward ways of
introducing oxygen and OH groups into h-BN is via heating
under air.” Treating h-BN with high temperatures (800-1000 °
C) in an air environment is capable of introducing oxygen into
the structure of the 2D material. The mechanism of hydroxyl
functionalisation in BN, while not yet fully understood, has
been reported to occur at the boron edge sites of the BN
structure. The introduction of oxygen displaces preferentially
the nitrogen atoms, forming covalent bonds with the boron
atoms at the edges of the nanosheets.>**

As a result of the introduction of these hydroxyl groups due
to the oxidation of BN, oxidised BN (BNOx) is more reactive than
its parent material, that also allows further functionalisation of
the material.

2. Experimental

2.1. Starting materials

Hexagonal boron nitride (h-BN) powder was purchased from
Merck (particle size = 6-30 pum). Evans Blue (=75%) and
Methylene Blue (=82%) were obtained from Sigma-Aldrich.
Methyl Orange (=95%) was bought from VWR international
Ltd. Millipore Water was obtained using a Milli-Q system, with
resin filters; this filtration was carried out in Trinity College
laboratories. Durapore membrane filter (hydrophilic poly-
vinylidene fluoride, PVDF, with 0.45 pm pore size and 47 mm
diameter) were purchased from Merck Millipore Limited. The
sonic bath used was Ultrawave model U100H from Ultrawave
Ltd.

2.2. Preparation and exfoliation of BNOx

Bulk BN was oxidised by heating in a furnace in an air atmo-
sphere. The temperature of the oven was increased 5 °C per
minute and the temperature was kept at a 1000 °C for 30 min,
producing the oxidised BN (BNOx). The BNOx was obtained,
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and the material was exfoliated following the methods
described previously for BN.>®

2.3. Preparation of membranes

The membranes were prepared following the procedure
described by Garcia Doménech et al.*®* A 50 mL solution con-
taining 150 mg of exfoliated BNOx was deposited by vacuum
filtration on top of a PVDF template with a pore size of 0.45 um.

2.4. Characterisation

Powder X-ray diffraction (XRD) was carried out on a zero-
background holder using a Bruker D2 Phaser 2nd Gen.
Measurements were performed for 26 between 10 and 80, with
no fluorescence correction and a 26 increment of 0.01 per
second. Scanning electron microscopy (SEM) images were ob-
tained using a Zeiss Ultra Plus Scanning Electron Microscope.
UV-Vis spectra were recorded using a Cary 60 spectrophotom-
eter with a wavelength between 200 and 800 nm. AFM
measurements were carried out on a Park NX10 (Park Systems,
Suwon, South Korea). The AFM images were obtained in a non-
contact mode (NCM) with a PPP-NCHR cantilever type (force
constant of 42 N m™~" and resonance frequency of 330 kHz,
Nanosensors). Single BNOx flakes were deposited for AFM
analysis by drop casting 0.03 mg mL ™' of exfoliated BNOx
solution on gold-coated glass slides purchased from Evaporated
Metal Films (TS-TA-134). Brunauer-Emmett-Teller (BET surface
area analysis was performed using a Nova 2400e Surface Area
Analyser (Quantachrome, Hampshire, UK). Membranes were
cut to size using a blade. Prior to analysis, samples were de-
gassed for 6 h at 200 °C under vacuum. The BJH method was
used to calculate the pore size diameter and pore volume from
the desorption branch of the isotherms. The BJH values pre-
sented here include pores in the range of 1-30 nm. Mercury
porosimetry was performed using an Autoscan-33 Porosimeter
(Quantachrome, Hampshire, UK) with a default contact angle of
140°. Raman spectra were recorded using a Renishaw Raman
Microscope with a 785 nm laser, equipped with three lenses and
an automated xyz stage. The measurements were taken using
the laser at 100% power with an exposure of 60 from 1600 to
1100 cm '. The FT-IR spectra were recorded using a Perki-
nElmer Spectrum 100 with PerkinElmer Universal ATR
Sampling Accessory. It consists of 4 recording iterations
collected, summed and averaged. The full spectra wavelength
range was from 4000 cm ' to 500 cm™ ' in steps of 2 cm .
Thermogravimetric analysis (TGA) measurements were carried
out under air atmosphere, using a PerkinElmer Pyris 1 TGA, and
3.5 mg of solid sample in a ceramic crucible.

2.5. Retention tests

Three water soluble dyes were selected for testing the
membrane retention: Evans Blue, Methyl Orange and Methy-
lene Blue. The concentrations were chosen based on the
maximum of absorbance, which was between 1 and 1.5 au, as
seen in Table S11 and matches with concentration used in
literature.””

© 2022 The Author(s). Published by the Royal Society of Chemistry
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20 mL of the dye solution were passed through the
membrane and a UV-Vis spectrum of the permeate was recor-
ded. Once the permeate was obtained, further concentration of
it was required, to collect an adequate UV-Vis spectrum. To do
this, a rotary evaporation was carried out until only solid matter
was present. 3 mL of Millipore water were then added, and the
absorbance of this concentrated solution was measured using
an UV-Vis spectrometer.

The following formula was used to calculate retention, as has
been used in our previous work:*

A
—P*m*) % 100

F Amax

R )= (1-

where: R, is the retention in percentage, Ag,; _ is the absorbance
at Amax Of the analyte in the feed, Ap , is the absorbance at Apax
of the analyte in the permeate.

The statistics of the retention were calculated using Origin
software 2018.

Water permeance (flux) experiments were carried out by
passing 20 mL of the analyte through the membrane, while the
operating pressure of the filtration system was kept at 1 bar.
Flux values were calculated according to the following formula
as reported by Chen et al.®

‘max

V

F=—
At

where: Fis the fluxin L m™>h ™", V is the volume of analyte in L,
A is the working area in m?, ¢ is the time taken for the analyte to
pass through the membrane (in h). The working area of the
filtration system is 9.6 cm®.

3. Results and discussion

3.1. BN oxidation and exfoliation

BN was oxidised by heat treatment at 1000 °C for 30 min under
air in a tubular furnace, to introduce OH groups into the h-BN
structure. It has been previously reported by Andriani e¢ al. that
treatment of h-BN in this manner leads to the formation of
hydroxyl groups, which tend to form on the edges of the h-BN

BN

Normalized intensity

20(°)

Fig. 1
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layers.” The BNOx product was initially characterised by XRD
and FT-IR (Fig. 1).

The XRD (Fig. 1A) pattern shows the characteristic peaks
corresponding to BN, showing high crystallinity.?®* In addition,
we can observe a new peak at 26 = 27.7° (010) corresponding to
B(OH)3,">* as well as an additional B(OH); associated reflection
at 14.6°, both of which seem to indicate that oxidation/
hydroxylation has taken place (JCPDS 30-0199). Furthermore,
FT-IR was also carried out for the BNOx and compared to that of
the parent material, h-BN (Fig. 1B). FT-IR spectra of both BN
and BNOx show the peaks corresponding to B-N bending,
around 769 cm ™' and B-N stretching at 1344 cm ™', character-
istic of BN.” In BNOXx, an additional peak is present at around
1190 cm™ ", due to the splitting of the 1344 cm ™" peak, that can
be attributed to the B-O bonds.** In addition, a new peak
emerges in the 3200 cm ™" region corresponding to the B-OH
stretching vibrations.!?> Additional peaks at 883 cm " and 636
ecm™ ' are due to B-O stretching vibrations and B-O bending
vibrations, respectively.’> These peaks are evidence of the
successful oxidation of BN via heating.

TGA was also carried out on bulk h-BN using a ramp rate of 5
°C min~' and a temperature range of 25 °C to 900 °C, to
simulate the process of oxidation in the furnace (Fig. 2A). Due to
limitations of the instrument, the TGA curve was only recorded
up to 900 °C, as the 30 minute high-temperature holding step
may have led to damage of the thermocouple at 1000 °C.

The TGA curve shows an overall increase of roughly 3% in
the mass of the sample. Derivative analysis of the TGA curve
reveals a sharp increment in weight which occurs around 720 °©
C, followed by a steady increase in mass with the rise in
temperature, until it stabilises with the holding of the temper-
ature at 900 °C. This increase in weight likely corresponds to the
addition of the OH groups to the edges of the sheets.”” As has
been reported in literature, the increase in temperature results
in a higher number of OH groups being formed at the BN layer
edges,"” which can be correlated to the increment in weight that
is observed in the TGA curve shown here. FT-IR was also con-
ducted after the TGA was completed (Fig. 2B) and confirms the
oxidation of the BN. The FT-IR spectra shows the appearance of
the peak at 1190 cm™ ", that as previously mentioned can be

BN

1344 cm

Normalized Transmittance

3200 em’

1190 cm™’!
04

883 cm”

T T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

(A) XRD patterns and (B) FTIR spectra of BNOXx (blue) and BN (orange).
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attributed to the B-O bonds,® the 3200 cm™ ' peak corre-
sponding to the B-OH stretching vibrations," the 883 cm™*
peak due to B-O stretching vibrations and a final peak at 636
em ™! attributed to B-O bending vibrations.'> These peaks are
proof of the successful oxidation of BN via heating.

Zeta potential ({) measurements were also carried out on
exfoliated BNOx and compared with exfoliated h-BN, in order to
see if there was negative charges appearing in the oxidised BN,
as a result of the OH groups present. Exfoliated h-BN shows only
a small ¢ of —5.29 mV (Fig. S11). However, exfoliated BNOx
displays a strong negative average potential of { = —44.7 mV
(Fig. S11). The { plot of BNOx displays two peaks, one at
—32.8 mV and the other at —52.9 mV. This strongly negative
surface charge of the oxidised BN is due to the presence of OH
groups on the surface and is further proof of successful oxida-
tion of the BN via this simple heating method.

After the heat treatment of the BN in order to produce BNOX,
it was observed that on some occasions, the product can be
produced in two forms. Part of the BNOx would appear as
a powder, similar to BN, while the rest will form “rocks” that
were hard and difficult to break (Fig. S2t). The powder appeared
at the top of the sample, whereas the rocks were found toward
the bottom and sides of the vessel, mixed in with the powder.

FT-IR and XRD (Fig. S3t) of the two samples (powder and
rocks) did not reveal any major changes between the two.
Overall, the peaks that could be identified due to the presence of
BN and partially oxidised BN were present (as described in
Fig. 1). There were more peaks appearing in the case of the
rocks in the areas of H;BO3, B-N and NH, and NH bonds, which
could indicate differences in the vibration of the bonds. This
could be associated to the different morphology, while the
compound remains the same form, partially oxidised BN. This
has been reported previously by Andriani et al.'> where they
noted the sample heated at 1000 °C was the hardest and had to
be ground for further use. This would be very similar to the
formation of the rocks in this case, where the rocks are formed
most likely due to agglomeration of the powder in the furnace as
a result of different heating (sides and bottom vs. top of the
sample). Hydrogen bonds can be formed in layered materials
with hydroxyl groups, like graphene oxide®* or clays.*® High
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(A) TGA and differential TGA of bulk h-BN to monitor the oxidation and (B) FT-IR of the BN after running TGA compared to h-BN.

temperature treatment, as it has been done here, results in
samples rich in hydroxyl groups, which could form hydrogen
bonds. These strong hydrogen bonding may facilitate the clus-
tering of BNOX, forming these rocks."

BNOx was then sonicated for 24 hours in Millipore water to
obtain the exfoliated material, in-line with our previous work, as
this solvent was the one that gave the best performance
membranes after the exfoliation.?® It was noted that when using
the BNOKx as rocks, even though they are quite hard and difficult
to break, this sample was completely dispersed in water after
exfoliation. Therefore, the powder and rocks were both used for
membrane formation, as there was no distinct differences
between the two forms as previously mentioned. UV-Vis of the
BNOx solution was taken and compared with bulk BN and
exfoliated BN (Fig. 3).

UV-Vis absorbance spectra of BNOx did not show any
differences with that of the exfoliated BN, displaying the same
shape. The difference in the absorbance is likely due to
a different concentration. Both samples are easily differentiated
from bulk BN dispersed in water.

XRD and FT-IR of the exfoliated BNOx were also carried out
to check whether the exfoliation has an effect on the oxidation/
hydroxylation of the BN (Fig. 4). The XRD pattern of the

Bulk BN
—BN

Abs (a.u)

0.8+ BNOx
0.6
044\
0.24
0 T T T T T 1
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 3 UV-Vis spectra of bulk BN (green), exfoliated BN (blue) and
exfoliated BNOXx (orange).
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exfoliated BNOx samples shows the peaks corresponding to the
oxidation/hydroxylation are more prominent than in the case of
bulk BNOx. The peaks for B(OH); are more intense than the BN
peaks, which indicates that there is a higher degree of oxidation
after the exfoliation in water. The stronger peaks in the exfoli-
ated BNOx can be matched to boric acid (purple in the graph).
One possible explanation for this is that the introduction of OH
in the structure through the heating process results in the
formation of more OH groups at the surface of the BN during
the exfoliation, due to sonication-assisted hydrolysis.** The use
of steam at the same time as heating has been previously re-
ported,™ but the amount of hydroxylation was smaller than the
one observed by heating h-BN at 1000 °C following by 24 hours
of sonication in water. The FT-IR also shows some differences
between the exfoliated BNOx and bulk BNOx, with the peaks at
1344, 1190, 883 and 636 cm™ ' becoming sharper and more
defined in the exfoliated sample, which further proves the
higher level of hydroxylation of the BN thanks to the combi-
nation of heat and sonication in water. The peak at 540 cm ™" is
clearer in the exfoliated BNOx than the bulk BNOx. The FT-IR of
the exfoliated BNOXx is very similar to the FT-IR obtained when
measuring boric acid, which further proves that degree of
oxidation of the sample increases under sonication in water.
SEM images of the BNOx were taken after exfoliation to study
the morphology of the nanosheets. These are shown in Fig. 5.
SEM images of the nanosheets of the BNOx show no major
differences with regular exfoliated BN, indicating that the

View Article Online
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(A) XRD patterns and (B) FT-IR spectra of boric acid (purple), BN (blue), BNOx (orange) and exfoliated BNOx (green).

oxidation doesn't change the shape of the nanosheets, which
would make the BNOx a good candidate for membranes, as it
would allow further functionalisation of the membranes while
keeping the high-performance properties of the membranes.
However, the size of the nanosheets was calculated to be 0.76 +
0.3 pm (Fig. S47), which is around 0.2 um bigger than those
nanosheets obtained when exfoliating regular BN.>

Raman of the bulk and exfoliated BNOx was also carried out
and compared to that of bulk BN (Fig. 6). The Raman spectra
show the E,, peak, with a bibliographic value of 1366 em 13

50000
40000

30000 —— Exfoliated BNOX

~——BNOx
—— BN bulk

20000 +

Intensity (a.u)

10000

T T T T 1
1100 1200 1300 1400 1500 1600

Wavenumber (cm™)

Fig. 6 Raman spectra of bulk BN (blue), BNOx (orange) and exfoliated
BNOx (green).

Fig. 5 SEM images of BNOx nanosheets after exfoliation. (A and B) Showing a general view and (C and D) showing a closer view of the

nanosheets using InLens and EHT 3.0 kV.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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